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Abstract: This paper proposes an optical fiber Bragg grating (FBG) sensing system
for scour monitoring around the foundations of bridge piers and abutments. The new
system introduces a uniform-strength fiber-reinforced polymer (FRP) beam that is
instrumented with two FBG sensors in two sides of its neutral axis. The tensile and
compressive strains of the beam are measured under a hydrodynamic pressure as water
flowing around bridge foundations. By assuming equal temperatures around the
uniform-strength beam, the difference in wavelength variations of the two embedded
FBG sensors was found to be proportional to the square of flow velocity, which is
directly related to scour. A prototype scour sensing system was designed and
fabricated to test its sensing property in the laboratory. The experimental results
indicate that the proposed system is sensitive to flow change and further monitor the
scour process effectively, without responding to its surrounding hydrostatic and soil
pressures.

Key words: scour monitoring, optical fiber Bragg grating sensor, uniform-strength beam, fiber-reinforced polymer,
sensing property.

1. INTRODUCTION (Kamojjala et al. 1994; Peggy and Daniel 1998).
Scouring process is a phenomenon that is developed Bkerefore it is important to monitor the scour process of
deposits are removed from around the foundations dhe foundations for an early identification of potential
hydraulic and ocean engineering structures such asructure failures.

bridges, dams, and offshore platforms. Caused by In the past two decades, a number of scour
swiftly flowing water (Boorstin 1987), scour often leadsmonitoring methods have been developed, including
to a drastic reduction in the safe capacity and structur@living, Physical Probes, RC boat, Ground Penetration
stability or results in structure failures as demonstrateBadar (GPR), Float-Out Device, Sonar, Magnetic
by many incidences around the world. In the Unitedsliding Collar (Fordeet al. 1999; Lagasset al. 2001;
States alone, approximately 60% of over 1500 bridgeBukui and Otuka 2002; Andersat al. 2007; Okoshi
collapses since 1950s were caused by foundaticand Fukui 2001). As of 2005, they have been applied
scouring (Hariket al. 1990; Wardhana and Hadipriono in approximately 100 bridges (Hunt 2004, 2005).
2003; Lagasseet al. 2007; Lianget al. 2009). For However, it is still a challenge to match the reliability
example, the New York State Thruway Bridge overand durability of monitoring technologies with the long
Schoharie Creek collapsed without warning on April 5service life of bridges due to that most of these
1987, which took the lives of ten persons (Daniel antechniques have limited applications (Chaeg al.
Anthony 1991). In the upper Mississippi and lower2004). Scour depth monitoring systems require reliable
Missouri River basins, at least 22 bridges failed at aand robust real-time sensors that can be easily installed
estimated cost of more than $8M during the 1993 floodnd that can sustain harsh condition of flooding.
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A scour monitoring device based on an optical fiber

Bragg grating (FBG) sensor offers a possible solution a BRI sy an

tested by Liret al. (2004, 2006). However, the sensor’s (@

readings are significantly influenced by hydrostatic and < I I /"
soil pressures, both of which increase with foundatior Transmission | I

depth. This paper proposes a hew scour sensing syste fiber

by introducing two FBG sensors to cancel out the effect: \ /Pier

of hydrostatic and soil pressures. The sensitivities of th
new system to those effects and the variations in wate
flow velocity are investigated with a prototype
measurement system. The underlying measuremer Steel anS ey
principle of the proposed system is analytically studiec
and validated by laboratory tests.

2. THE PROPOSED SENSING SYSTEM AND : " % %
ITS INSTALLATION Aiverbed
The concept of structural behavior monitoring has
recently been introduced to assess various structurdjigure 1. The proposed scour monitoring system and installation
behaviors (Chen 2009). One of its main characteristics
is to transfer the change in structural behavior into distributed sensing modules are installed on the
sensing system so that the measured data is directlyotective steel anchor and they mainly consist of two
related to the structural behavior e.g. scour. Scoumembrane sheets, one uniform-strength beam
around a bridge pier locally alters the velocity of watemstrumented with two FBG sensors in two sides of its
flow, inducing a significant change in hydrodynamicneutral axis, one transverse rod and one drum-like
pressure on the pier. The sensing system designedshell for fixing and supporting the membrane sheets
this study is based on the differential pressure causead the uniform-strength beam. The transverse rods
by flow. were fixed at the centers of the membrane sheets and
Figure 1 illustrates the configuration of a bridge scouconnected to the free end of the uniform-strength
monitoring system that can be installed along a bridggeeam. When thetwo membrane sheets deform
pier, which mainly consists of a protective steel anchosubjected to pressure difference, the transverse rod will
distributed sensing modules, transmission fibers andove and further result in the uniform-strength beam
data acquisition system. As depicted in Figure 2, thdeform obviously and the embedded FBG sensors’

Transverse rod

Membrane
sheet

Steel anchor sensors

Drum-like
shell

Figure 2. Sensing module’s structure and installation
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readings will change notably. Therefore this proposed Embedded FBG
system can monitor scour process accompanied with Sens\ors Sensing module
hydrodynamic pressures’ differences. , ¢

In the practice, the protective steel anchor can be
either hammered into the riverbed or fixed on the wall
of a pier to keep the membrane sheets perpendicular to
flow direction, then the membrane sheets bear larger
pressure difference and the uniform-strength arise more
notable strain resulted from the flow changes after the P:* P2
scour occurs around the pier, and further the FBG
sensors monitor the scour process effectively.

P+ P,

3. UNDERLYING MEASUREMENT

PRINCIPLE OF THE SENSING SYSTEM
Before scouring, the sensing module is set up in static
water or buried in a riverbed, the two membrane sheets
are subjected to equal hydrostatic and soil pressures as ¢
illustrated in Figure 3(a). In this case, the uniform- Note: P O Hydrostafic pressure;
strength beam will not deform notably according to the ? b '
equilibrium of forces, and the embedded FBG sensors’
signal will virtually remain unchanged. However, as the Embedded FBG
river deposits erode away, the sensing module is Fiow Sensors Sensing module
exposed to water flow around a vertical pier, whos
front bears the positive hydrodynamic pressur
(punching pressure) while back suffers negativ
hydrodynamic pressure (suction pressure). Therefof
the membrane sheets would suffer unequd
hydrodynamic pressure as shown in Figure 3(b},
Subjected to the unequal hydrodynamic pressure, the
two membrane sheets of the sensing module would
deform obviously and result in the transverse rod which
was fixed at the two membrane sheets start moving, then
the uniform-strength beam arise notable strains and the
embedded FBG sensors’ readings change notably.

(a) Before scouring

. X Note: P5 [0 Punching (hydrodynamic) pressure ;
The unbalanced hydrodynamic pressure acting on the pfg Suction (hydrodynamic) pressure.

membrane sheets arises from the drag fdtgewhich (b) After scouring
is given by (Linet al.2006; Spurk and Aksel 2008):

Figure 3. Loadings acting on the sensing module

2
F=Co 2 A, (1)
in which Weq is the equivalent flexural stiffness of the
two membrane sheets and the uniform-strength beam

where, Cp is drag coefficient A, is the area of the . . . )
and given by (Timoshenko and Krieger 1959; Liahgl.

membrane shegp,is the water density, andis the flow

velocity. 2001):

As shown in Figure 4, considering deformation
compatibility condition between the central displacements W= 32nE, 3, N E,b It 3
of the membrane sheets and the displacement at the free ea 3(1_ urzn) R el (3)

end of the uniform-strength beam resulted from the rigid
connecting effect of the transverse rod, these displacements

dcan be calculated from the following equation: where, E;, and u, are the Young's modulus and the
Poisson’s ratio, andR,, and t,, are the radius and

thickness of the membrane sheets; Bpid the Young's
o=— (2) modulus, andLy,, by and h, are the effective length,
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P3 (Punching pressure)

K.Cop(¥. - V)

a= (7)
Y Y Y Y \ 0 32e t Ehi O,
= L ______ (1_ ,UZ)R4 + 6771-3R§1 b
Rt En' 7™ K@ m) T DT g
)
@ ’—@_‘\
5\ — 4. DESIGN AND VALIDATION OF THE
il =70, hy, Ey, by PROTOTYPE SENSING SYSTEM
® 4.1 Optimization of the Dimension Parameters
o (@) Egn 7 indicates that the sensing coefficienbf the
— sensing module is influenced by the dimensions of the
membrane sheets and the uniform-strength beam, which

P, (Suction pressure) would be higher with the increases of the raiisf the

Note: Py+ P, = Fp /A, membrane sheets, while lower with the increases of the
@ - Membrane sheets; @- Drum-ike shell (rigid); thickngsstm of the membrane sheets, the heigh'and
@) - Uniform-strength beam; (5)- Embedded FBG sensors. the width by of the uniform-strength beam. With the
@) - Transverse rod (rigid); increase of the effective length, of the uniform-

strength beam, the sensing coefficiemt initially
Figure 4. Deformation and loading state of the sensing module jncreases and then decreases after reaching at its peak

value; Similarly, Eqn 2 indicates that the displacendent
width at the fixed end and height of the uniform-strengt®f the sensing module is also influenced by the
beam, respectively. Then for the uniform-strength bearlimensions of the membrane sheets and the uniform-
the straing; at the location of theth (i = 1,2) embedded strength beam, which increase with the increase of radius
FBG sensor can be obtained following the relationshifm 0f the membrane sheets and the effective lengti
between the strains and the displacements at the free g uniform-strength beam, while decreases with the

(Liang et al. 2001): increases of the thickneggsof the membrane sheets, the
heighth, and the widtho, of the uniform-strength beam.
2y 5 Therefore the dimensional parameters of the membrane
&= le (4) sheets and uniform-strength beam should be optimized
b

for the sensing module’s design to provide a higher
. . , . _ sensing coefficient under a reasonable displacement.
!ntr'h'c_h? '25 tggglstance 01]: the (;r]nbede(tj I(I)cat!on ?ft;he In the practices, the radi&, of the membrane sheets

! _f@ =12) h bsensor rom the neutral axis o €yng the effective length,, of the uniform-strength
uniform-strength beam. beam, which are determined according to the maximum

FBTGhe wavelﬁngtg Change\'(?‘i) ofdthei tr? ( f:f 1.2) ¢ ize of the sensing module, should be designed to match
sensor has been investigated as the effects of e, requirements of the monitoring field and equal to

applied strain §) and temperature difference X from each other for simplifying the design in general, so that

tzhoeoss)e.nsors’ calibrations (Hill and Meltz 1997; Zhouonly the influences of the thicknegsof the membrane

sheets, the heighit, and the widthby of the uniform-
_ strength beam on the sensing coefficientand the
Mg =Kg +K T (i=1,2) (5)  displacemen® were studied. Assuming th&, = Ly,
and lett,, = B R, hy = BL, andbg = B3L, Eqns 2 and
whereAAg; is the variation of the central wavelength,7 can pe seperately simplified as:
and K, and Kt represent the strain and temperature
sensing coefficients of of the FBG sensors, respectively. a
Assuming equal temperatures around the uniform- 0=31C, p(l— qu) R,V D'U( R B [%) (8)
strength beam, thati§ = T,, and apply these in Egns 2

to 5, it yeilds: 61K .C, o(1- 1£)(y, - v
a= oA R ) Z)W(Bpﬁz,ﬁa) ()
A/\Bl _MBZ =av? (6)
where, a is denoted as the sensing coefficient of théd Which (B, B,,8,) =1/ FBAnBE, + § BE,(1- 4)F
sensing module and expressed as: is defined as evaluating function to assess their
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influences on the sensing coefficiemt and the 40 ——

displacemen®.

Considering the excellent anti-corrosion and
waterproof performances besides its light weight, I 30
polyethylene material (PE) was adopted to develop the;‘
membrane sheets, and its Young’s modidysnd the
Poisson’s ratigim,were separately given as 800MPa and
0.4, according to Chang’s work (2004); and the FRP = 15
material was applied to develop the uniform-strength &
beam and its Young's modulls was 50 GPa (Zhang
et al. 2005). With these material parameters, the values
of the evaluating functiogy (3,, 3,, B3) were calculated
and the results are presented in Figure 5 comparing with

35
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Figure 5 indicates that the thicknesses of membrane
sheets are the dominant factors influencing the sensing
coefficient and displacement of the sensing module,

compared with the height and the width of the uniform- 11—

L L L
0.15 0.20 0.25

5

Il
0.10 0.30

(a) The thickness of the membrane sheets

strength beam. Figure 5(a) presents that the sensing
coefficient and the displacement decrease initially rapidly
with the increase of the thickness of the membrane sheetsZ
but increase slowly and approach the asymptotic value ¢
after the thickness reaching about 0.06 times of its radius.— 0.91
In order to provide a higher sensing coefficient, the %
membrane sheets of the sensing module should be thinnefs , ,|
and thinner, but their flexural stiffness would be smaller
and smaller. Once their flexural stiffness is too low, their '
central displacement would increase unstably and failed = 0.7
suddenly, when they are subjected to loading. To provide
sufficient flexural stiffness and prevent these failures, the

Optimal range

1 N

thicknesses of the membrane sheets are investigated as 000 005
1/100~1/5 times of their spans (Chen 2003). Therefore
the thickness of the membrane sheets should be designed

as 0.02~0.06 times of their radius, to provide higher

L L
0.15 0.20

B

Il
0.10 0.25 0.30

(b) The height of the uniform-strength beam

sensing coefficient under a reasonable displacement. 104
Figure 5(b) shows that the sensing coefficient and the
displacement decrease initially slowly with the increases 1.02
of the height of the uniform-strength beam while rapidly<
after the height reaching about 0.10 times of its effectivgi 1
length. Therefore the height of the uniform-strength beare.
should be less than 0.10 times of its effective length, @
provide a high sensing coefficient under a reasonablg 098
displacement. Figure 5(c) indicates that the sensin
coefficient and the displacement decrease linearly withs o0.06
the increase of the width of the uniform-strength beam, so
that the uniform-strength beam should be narrower to

CALQ,, B, Bs)/ w(0.1,0.1,0.1)

A
A_ i
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. : . . 94 L
provide a high sensing coefficient under a reasonable 000  0.05

displacement.

Il Il Il L
0.15 0.20 0.25 0.30

Ps

L
0.10

(c) The width of the uniform-strength beam

4.2. Design of the Sensing Module

To test and verify the sensing property of the proposed
sensing system, a sensing module has been designed and
manufactured to establish the prototype sensing system

Advances in Structural Engineeringl. 14 No. 1 2011
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in the laboratory. The sensing module was manufacturé
as follows: (1) preparing layers of glass fiber fabric
laying and fixing optical FBG sensors along the
longitudinal direction between two adjacent layers, an
then forming a FRP beam in the pultrusion machine, Jear e \

shown in Figure 6(a); (2) shaping the FRP beam into g '
uniform-strength beam, as depicted in Figure 6(b); m

connecting the middle of the transverse rod to the frg
end of the uniform-strength beam, fixing its two ends a
the centers of the membrane sheets, and then fixing t:
uniform-strength beam and membrane sheets on t
drum-like shell, as shown in Figure 6(c). Based on thi=
above optimal results, the radiRg and thickness, of
the membrane sheets were designed as 50mm a
1.2 mm; and the effective lengtly, heighth, and width
bo of the uniform-strength beam were designed a (a) FRP beam
50mm, 2.0 mm and 20 mm, respectively.

4.3. Location Calibration of the Embedded
FBG Sensors

During the complicated pultrusion of the FRP beam, th
previously designed embedded locatignsf the FBG
sensors might slightly change. In order to determine t &
sensing coefficientr of the sensing module accurately, it
is necessary to calibrate the final embedded locations
of the FBG sensors. Before the FRP beam being shap
into an uniform-strength beam, a calibrating test was s
up in the laboratory as shown in Figure 7. The length ¢
the FRP beam was 600 mm, two electric resistance strg
gauges (ES sensors) were attached to its surface on
and down of the embedded FBG sensors, and the Ff (b) Uniform-strength beam
beam was applied a point load ranging from O N to 101
at 2 N intervals for three loading loops. Under eacl
loading step, the strains of the FRP beam were separat
measured by ES sensors and given FBG sensors. T
measured results are presented in Figure 8.

Figure 8 presents that the strains measured by tw
FBG sensors vary linearly with the increases of th
applied loads and have good correlation with readings
the attached ES sensors; and the strain readings at th
loading loop coincided with each other. Therefore thq
embedded FBG sensors can measure the strains of
FRP beam effectively.

Basing on the measured strains, the embeddgq
locations y; of the FBG sensors can be calculate

foIIowing: (c) Sensing module (before sealing)
Figure 6. Manufacture of prototype sensing module
y : |+1 FBG di (10)
I
Ei)Es 2 attached ES sensors. The calculated results of each load

steps are statistically presented in Figure 9, which
in which ()rse @and €)es separately present the strainprovides that the embedded locatiopsandy,) of the
values measured by théh embedded FBG sensors andFBG sensors are separately 0.39mm and —0.70mm.
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10

Frequency

Figure 7. Test apparatus for calibrating FBG sensor’s locations 10 T " T " T
R Frequency
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I Linear fitting of ES1
1000__ Linear fitting of ES2 7 § 6 § T
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— ol | w4 B
£
© I ]
7 -500} . §
L 2 .
-1000 |- .
i -0.80 -0.75 -0.70 -0.65 -0.60
_2000 " 1 " 1 " 1 " 1 " 1 " 1 )
-2 0 2 4 6 8 10 12 Location y, (mm)
Load (N) (b) FBG sensor-2
(&) ES sensors Figure 9. Locations of the embedded FBG sensors
2000 ——————————y —
| O FBG1
1500 e FBG2 R
1000l Linear fitting of FBG1 ] 4.4. Validation of the Prototype
| — Linear fitting of FBG2 | Monitoring System
e 500F T With the designed sensing module, a prototype
@, . i monitoring system was established in the laboratory to
0 g sy y
3 - validate its sensing property. The calibrating test was set
a ~00F 1  up as depicted in Figure 10: water starts flowing from
-1000 k i the high end of the sink with a zero initial velocity and
1500l 1 strikes the membrane sheets of the sensing module at the
i | low end and the testing flow velocity (actual velocity)
-2000 e ranged from 0.6 m/s to 1.8 m/s, which were calculated
-2 0 2 4 6 8 10 12 _ _
Load (N) following the law of energy conservation=./2gh
(b) FBG sensors Under each flow velocity, the central wavelengths of the

Figure 8. Strains measured results of FRP beam under a point Ioa%
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0.30 0.35 0.40 0.45 0.50
Location y; (mm)

(a) FBG sensor-1

mbedded FBG sensors were recorded by the data
acquisition system and their variations are presented in
Figure 11.

73



An Optical Fiber Bragg Grating Sensing System for Scour Monitoring
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Figure 11. Relationship between wavelength variations and flow

Figure 10. Calibration testing apparatus for proposed monitoring velocities

system

2.0 T T T T T T T T T T T T T
Figure 11 presents that the wavelength of FBG sensor —=— Actual velocity

1 increases with the increases of the flow velocity while I —e— Measured velocity |
the wavelength of FBG sensor 2 decreases with the ;|
increases of the flow velocity, which means that FBGg
sensor 1 sensed the tensile strain while FBG sensor 2
sensed compressive strains. The wavelength variatiors 12k
measured at increasing and decreasing processes of tEae'
flow velocity agreed well with each other.

Resulted from the low adhesion force of water flow,
the Reynolds Number in the testing was larger th&n 10
under the testing flow velocity, so that the drag
coefficient Cp can be given as 1.17 (Kreitét al. , , L
1999). Let the strain sensing coefficiéqtof the FBG Y 2 4 6 8 10 12 14
sensors were 1.2 pm¢ (Zhou 2003), the theoretical Measuring sequence
value of the sensing coefficiend calculated as (a) Comparisons with actual velocities
146.0 pm - ¥m? following Eqn 7. Further, according
to the measured wavelength variations of the o3
embedded FBG sensors, the flow velocities (measured
velocities) were obtained following Eqn 6. The results
are presented in Figure 12, compared with the actual 02| 4
velocities. g

Figure 12 presents that the measured velocities agree +0.10 m/s
well with the actual velocities and the measured valu€es g 1 = n
were less than the actual velocities. With the increase &f m
the flow velocities, the measured errors increasegd | =
slightly and the maximum error was abe0t10 m/s. s 0.0 |

Figure 13 shows the relationship between the
difference of the wavelength variations and the square of
the flow velocities. Its linear fitting has a correlation gL . . . AT T S S
coefficient of 0.9982 and provides a sensing coefficient ~ © 2 4 6 8 o 12 14
a of 129.6 pm-%¥m?, which is coincided with the Measuring sequence
theoretical value 146.0 pm¥ms2. Therefore the (b) Measured errors
prototype monitoring system can measure the flow Figure 12. Measured results of the flow velocities
change and further monitor the scour process effectively.

Flow

o
S

® Measured errors | 1
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4.5. Influences of Hydrostatic and
Soil Pressures

To test the influences of hydrostatic and soil pressures
on the sensing property of the proposed monitoring
system, a sensing module was submerged into static
water and soil deposits in sequence and the testing
setups are depicted in Figure 14. In the test, the depth of
static water varied from 0.1 m to 1.0 m and the depth of
soil deposits varied from 0 m to 0.4 m. The central
wavelengths of the embedded FBG sensors 1 and 2 were
recorded, and their wavelength variations and
differences were calculated, which are separately
presented in Figures 15 and 16.

Figure 15 indicates that the central wavelengths of

Figure 13. Relationship between the differences of wavelength the embedded FBG sensors 1 and 2 fluctuated with the
variations and the square of flow velocities

=
o
o4
)
~
o
e
-
™
e

(a) Static water

increases of the water and the soil deposits’ depth and

(b) Soil deposits

Figure 14. Apparatus for testing the influences of the depths’ change
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Figure 15. Relationship between wavelength variations and the depths
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Figure 16. Relationship between differences of wavelength variations and the depths of (a) static water, and (b) soil deposits

the maximum fluctuations were separately about 25 pm 0.02~0.06 times of its radius, and the height of

and 10 pm. Figure 16 presents that the differences the uniform-strength beam should be less than
between the wavelength variations of the FBG sensors 1 0.10 times of its effective length;

and 2 fluctuated around zeros and mostly bounded inc) The proposed monitoring system can measure the

—10pm ~+10 pm. Coleman and Melville (2001) studied flow change and further monitor the scour
the bridge scour experiences in New Zealand and process effectively, and the influences of
presented that the critical velocity of the bridge’s local hydrostatic and soil pressures are slight and can
scour was generally about 3m/s. In this flow be neglected in the scour monitoring practices,
environment, it can be founded that 0.02m/s flow especially in the bridge local scours monitoring.

changes would result in more than 15 pm wavelength
variations’ difference according to the calibrationACKNOWLEDGEMENTS
sensing coefficient, which is larger than that resulted@he authors are grateful for the financial support from
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area of the membrane sheets

width at the fixed end of the uniform-
strength beam

drag coefficient

Young’s modulus of the uniform-
strength beam

Young's modulus of the membrane
sheets

drag force

height of the uniform-strength beam
effective length of the uniform-strength
beam

strain sensing coefficient of FBG sensor
temperature sensing coefficient of FBG
sensor

radiu of the membrane sheets
temperature difference

thickness of the membrane sheets
equivalent flexural stiffness of the
sensing module

location of the th (i = 1,2) FBG sensor
distance from the neutral axis

sensing coefficient of the sensing
module

proportions ot./R,, hy/Ly andbg/Ly
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AAg; wavelength change of theth ( =1,2) ¢ (BB, 3;) evaluating function to assess the
FBG sensor influences of the dimensions

o) displacement o} water density

& strain at the location of theth (=1,2) Poisson’s ratio of the membrane sheets
FBG sensor Y, flow velocity
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